Scientific breakthroughs in silicon surface passivation have enabled commercial high-efficiency photovoltaic devices making use of the black silicon nanostructure. In this study, we report on factors that influence the passivation stability of black silicon realized with industrially viable Spatial Atomic Layer Deposited (SALD) aluminum oxide (AlOx) under damp heat exposure and light soaking. Damp heat exposure conditions are 85°C and 85% relative humidity, and light soaking is performed with 0.6 Sun illumination at 75°C. It is demonstrated that reasonably thick (20 nm) passivation films are required for both black and planar surfaces in order to provide stable surface 2 passivation over a period of 1000 h under both testing conditions. Both surface textures degrade at similar rates with 5 nm and 2 nm thick films. The degradation mechanism under damp heat exposure is found to be different from that in light soaking. During damp heat exposure, the fixed charge density of AlOx is reduced, which decreases the amount of field-effect passivation. Degradation under light soaking, on the other hand, is likely to be related to interface defects between silicon and the passivating film. Finally, a thin chemically-grown SiOx layer at the interface between the AlOx film and the silicon surface is shown to significantly increase the passivation stability under both light soaking and damp heat exposure. The results of this study provide valuable insights on surface passivation degradation mechanisms on nanostructured silicon surfaces, and pave the way for the industrial production of highly stable black silicon devices.
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I. INTRODUCTION
Nanostructured silicon (black silicon, b-Si) with its superb optical performance has emerged as an attractive surface texture for various photovoltaic (PV) applications.
Examples of such devices include photodetectors with close to ideal response over a wide wavelength range 1 and high-efficiency solar cells 2 . The emergence of these devices is enabled by Atomic Layer Deposition (ALD), which is used to passivate the nanostructured surface with a thin dielectric layer, often aluminum oxide (AlOx). The exceptional passivation performance achieved with ALD AlOx is based on two aspects 3,4 : I) the low density of defects at the interface of silicon and the passivation film, and II) the high negative charge present in the film. ALD films are highly conformal, which makes 3 them the method of choice for b-Si passivation 5 . Furthermore, the b-Si morphology enhances the field-effect passivation provided by the negative fixed charge density 6 .
Scientific progress on b-Si passivation has matured to the stage where commercial b-Si photovoltaic devices are emerging [7] [8] [9] [10] [11] , making it important to consider how large-scale fabrication methods, such as industrially-proven spatial ALD (SALD) 12, 13 , affect the long-term performance and stability of such devices. All aforementioned studies were done on planar silicon and using conventional ALD based on sequential precursor pulses, whereas in this article we study how the increased surface area of b-Si affects the extent and the kinetics of the degradation.
Furthermore, we investigate how the faster film growth achieved with SALD influences the film quality and thus the stability of AlOx passivation under both light soaking and damp heat exposure. SALD has a higher deposition rate compared to pulsing ALD, but the film growth in SALD might be disturbed by precursor intermixing 22, 23 , leading to decreased film quality. Therefore, understanding the extent of effects induced by light, elevated temperature and moisture in SALD AlOx-passivated nanostructured silicon is vital for the wide-scale application of such devices. Samples for stability testing were fabricated from both b-Si and reference planar FZ Si wafers by coating them with different thicknesses of SALD AlOx, and the passivation quality was monitored during light soaking and damp heat exposure. Film charge and interfacial defect density were measured before and after exposure to provide potential explanations for differences in passivation stability. In addition, the effect of the interface between the Si surface and the passivation film was studied by comparing samples with different surface finishes prior to film deposition.
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II. EXPERIMENTAL
mm Float Zone (FZ) Si wafers supplied by Topsil GlobalWafers A/S were used
as the substrate material. The 280 µm thick, <100>-oriented wafers had been borondoped to a specified resistivity in the range of 1 Ωcm to 5 Ωcm. Figure 1 summarizes the process flow for sample fabrication, experiments, and characterization in this study. After cleaning the wafers with RCA solutions and dilute hydrofluoric acid (HF), the samples were annealed in an oxygen ambient at 1050°C for 30 min to deactivate intrinsic defects that can be detrimental for bulk lifetime in FZ Si. The elimination of the defects is described in detail by Grant et al. 24 The resulting thermally grown SiO2 was removed from the wafers with 10% HF, after which the b-Si nanostructure was etched into selected wafers using cryogenic deep reactive ion etching (ICP-RIE) with parameters reported in 5 . An SEM image of the resulting b-Si nanostructure is shown in Figure 2 .
Wafers with the planar surface acted as reference samples to assess the effect of the b-Si texture on the degradation process. Prior to surface passivation with SALD AlOx, both b-Si and planar wafers were treated with an RCA2 solution, which produced a thin, hydrogen-rich chemical silicon oxide (SiOx) layer on the wafers. Additionally, instead of an RCA2 treatment, a few of the planar wafers were dipped in dilute HF prior to film deposition to remove any interfacial oxide. The difference in the resulting surface finish on Si wafers after these two chemical treatments is described by Green et al. 25 Here, the two different surface finishes were used to study the impact of the interfacial layer between Si and AlOx on the stability of surface passivation. A Beneq SCS 1000 SALD tool was used to coat the samples with AlOx using Al(CH3)3 and H2O as precursors. The surface passivation of black silicon using this tool and process has been demonstrated earlier 26 
III. RESULTS AND DISCUSSION
Before light soaking and damp heat exposure, it was observed that τeff was dependent on the thickness of the passivation film in both b-Si and planar samples. 
A. Passivation Stability under Light Soaking
B. Passivation Stability under Damp Heat Exposure
In general, the wafers exposed to damp heat showed more pronounced changes than the light soaked samples. However, the samples with 20 nm thick AlOx remained remarkably stable even in the harsh 85°C/85% RH conditions. Minority carrier lifetime 13 results measured before and after damp heat exposure are presented in Figure 4 Qtot and Dit results of the damp heat tests are presented in Figure 4 (b). For 20 nm samples the very small changes in both film charge and defect density were in line with the highly stable lifetime. For 5 nm passivation layers, Dit was similar in the damp heat exposed and reference wafers, but a notable reduction of film charge was observed.
Therefore, reduced field-effect passivation during the damp heat exposure is the most likely degradation method for the SALD-passivated samples, . We also speculate that the loss of negative charge of the passivation film and the formation of AlO(OH) during damp heat exposure, as observed by Liang et al. 20, 21 , are interlinked. After exposure the 2 nm film showed a positive total charge in the order of 1 • 10 11 cm -2 , explaining the significant drop of lifetime due to dramatic loss of field-effect passivation. However, 14 while the contactless CV results from the 2 nm samples were consistent, their actual scale is not necessarily accurate due to charge-leakage through the very thin oxide. It should also be noted that the uncertainty values presented in the graphs were determined from the actual measurements, so they reflect the consistency of the obtained results. The SALD films here were less stable in damp heat conditions than films deposited with conventional ALD, as in our previous study we reported that even 5 nm ALD AlOx passivation films were stable for up to 264 h in 85°C/85% RH 32 . A major difference between these studies is that the SALD tool used here was not located inside a particle-controlled cleanroom unlike the conventional ALD tool, which resulted in an increased particle level during the SALD passivation. Additionally, SALD films were potentially less dense than obtained with pulsing ALD, as the growth of SALD AlOx is likely to contain a CVD-like component resulting from the intermixing of precursors during deposition 22, 23 . The initial Qtot values between this study and the ones in our previous work 32 were comparable, so we speculate that the potential lower density of the film and an increased number of pinholes due to particles led to the accelerated degradation of Qtot in the SALD films. However, 20 nm thick SALD AlOx passivation films yielded highly stable passivation. In addition, for solar PV applications damp heat stress tests for bare wafers are already rather harsh tests, since encapsulation in PV modules will provide enough protection form high levels of moisture and oxygen.
C. Role of Interfacial Oxide
The interfacial SiOx layer between the Si surface and the passivating film greatly does not influence the lifetime at low injection levels in these samples, so it is clear that 18 the degradation is explained by an increase in surface recombination and not by a decrease in bulk lifetime 34 . Therefore, contamination resulting from the processing equipment is not a viable cause for the degradation in this case.
Similarly as in the light soaking case, the HF-dipped sample was less stable than the samples with SiOx during damp heat exposure. However, the timescale of the degradation was quite different. 
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The above result that degradation during damp heat exposure occurs due to reduction of field effect passivation is in agreement with the results reported by Liang et al. 20, 21 , but the root cause for the degradation under light soaking requires further studies.
Sperber et al. have speculated that this can be induced by carrier-induced defects in silicon 17 . These defects would affect the lifetime more dramatically in the case of thinner passivation films, as the relatively low amount of charged film close to the silicon surface cannot compensate the effect of the defects on lifetime. The underlying defects causing surface related degradation in passivated silicon are likely located directly at the interface between the wafer and the passivating layers or very close to it 17, 31 , which is in agreement with the significance of the SiOx layer in our studies. In this case, the chemically-grown
SiOx potentially suppresses the formation of these defect states close to the surface of silicon. The drastic differences between the stability of the SiOx and HF-dipped samples suggest that the degradation during light soaking is truly related the interface between the passivation film and the silicon surface, and not to the film properties. As the SiOx layer at the interface affects the degradation occurring during damp heat degradation, it seems that the mechanism behind the reduction of film charge is also related to the interplay between the substrate and the passivating film.
IV. CONCLUSIONS
AlOx films deposited using industrially viable spatial ALD yield efficient and stable surface passivation even on nanostructured black silicon surfaces. We conclude that relatively thick passivation films (20 nm) are required to obtain high minority carrier lifetime that stays stable for over 1000 h under light soaking with 0.6 Sun illumination at 75°C or under damp heat exposure at 85°C/85% RH. 2 nm and 5 nm thick passivation films showed degradation of effective lifetime in both environmental test conditions.
During damp heat exposure, samples with 2 nm thick AlOx layers degraded immediately, while the passivation quality obtained with 5 nm thick AlOx films deteriorated slowly over time. This was attributed to reduced field effect passivation resulting from decreasing film charge. As the overall fixed charge density of the samples with 20 nm thick AlOx was not significantly affected during damp heat exposure, it is possible that high ambient moisture only affects the top 2 nm to 5 nm of the passivation film. Light soaking studies showed a decrease in minority carrier lifetime which was not clearly explained by changes in film charge or interfacial defect density. A significant observation was that a thin chemically grown SiOx layer remarkably enhanced passivation stability in both light soaking and damp heat exposure compared to samples that were HF-dipped prior to film deposition. This leads to the conclusion that degradation during light soaking is related to the interface between Si and the passivation layer, and that the interface plays a significant role in the reduction of fixed charge density in the AlOx film during damp heat exposure as well.
The results of this study provide insights on the degradation mechanisms of surface passivation, which is highly relevant for the solar cell industry. Understanding the physical processes leading to degradation contribute to the development of more advanced passivation techniques with optimized film thicknesses. This study paves the way for using SALD in the industrial-scale production of highly stable optoelectronic components that rely on black silicon as the light absorbing surface.
